Poly(lactic acid) (PLA)-based nanocomposites filled with graphene nanoplatelets (xGnP) and containing epoxidized palm oil (EPO) as plasticizer were prepared by melt blending method. PLA was first plasticized by EPO to improve its flexibility and thereby overcome its problem of brittleness. Then, xGnP was incoporated into plasticized PLA to enhance its mechanical properteis. Plasticized and naonofilled PLA nanocomposites (PLA/EPO/xGnP) showed improvement in the elongation at break by 61% compared with plasticized PLA (PLA/EPO). The use of EPO and xGnP increases the mobility of the polymeric chains, thereby improving the flexibility and plastic deformation of PLA. The nanocomposites also resulted in an increase of up to 26.5% in the tensile strength compared with PLA/EPO blend. PLA/EPO reinforced with xGnP shows that increasing the xGnP content triggers a substantial increase in thermal stability. The TEM image of PLA/EPO/xGnP shows that the xGnP was uniformly dispersed in the PLA matrix and no obvious aggregation is observed.
Introduction
Polymer nanocomposites based on graphene has attracted tremendous attention in recent years from both the scientific and academic communities as a result from the substantial property enhancements obtained from relatively low nanofiller loadings [1] . Various nano-reinforcement filler, such as layered silicate clay, carbon nanotubes and layered double hydroxide are being developed and extensively studied in field of polymer nanocomposites [2] . However, the discovery of new nano-material graphene by Andre Geim in year 2004 [3] , excited worldwide interest among researchers.
Graphene, which is fabricated from natural graphite, a one-atom-thick two dimensional honeycomb layer of sp 2 bonded carbon, can be used as a potential alternative nano-reinforcement to both clay and carbon nanotubes. Graphene combines layered structure of clays with superior mechanical and thermal properties of carbon nanotubes, which can provide excellent functional properties enhancements [4] . Furthermore, graphene is much cheaper than either single-walled carbon nanotubes or multi-walled carbon nanotubes. Exfoliated graphene nanoplatelets (xGnP), multiple graphene layers stacked to form platelets, were developed by a cost effective method as mentioned by Fukushima [5] . Researchers such as Kalaitzidou et al. [6] , Miloaga et al. [7] have investigated the application of xGnP as a reinforcement with different polymers.
Poly(lactic acid) (PLA) is one of the most frequently used biodegradable polymer, especially in packaging applications due to its high strength, high modulus, good transparency, processability and biocompatibility. Despite its numerous advantages, the inherent brittleness and poor toughness significantly impedes its wide application. Many efforts have been carried out to improve the properties of PLA so as to compete with low cost and flexible commodity polymers. These attempts include blending PLA with other polymers [8], modifying PLA with plasticizers [9, 10] , or blending with inorganic nano-fillers [11] . Petroleum based plasticizer are standard compounding ingredients, however epoxidized vegetable oil-based plasticizer is employed as a feasible alternative [12] . Vegetable oils are derived from plants and are chemically composed of different triacylglycerols, i.e., esters of glycerol and fatty acids [13] . Palm oil is a favorable vegetable oil because it is cheap, low in toxicity, and easily available as a sustainable agricultural resource. Due to the sustainability of palm oil in Malaysia, new products have been developed from palm oil derivatives such as epoxidized palm oil (EPO). EPO has been accorded priority in Malaysia having a number of commercially realizable end uses such as an effective starting material to make polyols, additives in the plastic industry, and as a pre-polymer in surface coating formulations.
In this study, xGnP were investigated as nano-reinforcement filler in PLA/EPO blend by melt blending technique. Significant improvements in tensile strength, tensile modulus as well as elongation at break were observed when xGnP was incorporated as reinforcement filler into PLA/EPO blend.
Materials and Experimental
Poly(lactic acid) resin, commercial grade 4042D, was supplied by NatureWorks ® LCC. Epoxidized palm oil (EPO, epoxide content = 3.2%) was supplied by Advanced Oleochemical Technology Division (AOTD), Malaysia Palm Oil Board (MPOB). Graphene nanoplatelets, trade name xGnP ® , Grade M, was supplied by XG sciences Inc. The PLA/EPO/xGnP nanocomposites were prepared by melt blending technique using Brabender internal mixer with 25 rpm of the rotor speed, at 160 °C for 10 min. The composites obtained were then molded into sheets of 1 mm in thickness by hot pressing at 160 °C for 10 min with pressure of 110 kg/cm 2 , followed by quenching to room temperature.
Results and Discussion

Tensile Properties
The properties most frequently evaluated in tensile testing are the elongation at break, tensile strength, and tensile modulus. A typical goal for PLA is to increase the elongation at break and tensile toughness without adversely affecting the tensile strength and tensile modulus. The neat PLA was typically rigid and brittle. It had high tensile modulus as well as tensile strength, but with very limited elongation at break. After the addition of plasticizer EPO, the tensile strength and modulus of the PLA decreased, whereas the elongation at break significantly increased. Increase of elongation at break means that brittleness of PLA decreased since the elongation at break and brittleness are inversely proportional.
The effect of xGnP loading on PLA/EPO blend is summerized in Table 1 . The aim of incorporating xGnP into the blend is to improve its mechanical properties. Tensile strength of PLA/EPO increase as xGnP loading increases and attains the highest value (41.1 MPa) at 0.3 wt% xGnP loading. Further increase of xGnP loading decreases the tensile strength. The decrement in tensile strength for the xGnP loading above 0.3 wt% could be attributed to the inevitable aggregation of the xGnP in high content. In the meantime, tensile modulus increases from 942.7 MPa for PLA/EPO blend to 1134.0 MPa for the nanocomposite containing 0.1 wt% xGnP. The enhancement to some extent of the tensile properties of the PLA/EPO/xGnP nanocomposites can be ascribed to the homogeneous dispersion and orientation of the xGnP nanoplatelets in the polymer matrix and strong interfacial interaction between both components. Further addition of xGnP causes the decrease of elongation at break which made the blend more brittle. The reason for this may attributed to a large aspect ratio of the rigid xGnP filler and the interaction between xGnP and the matrix, which restricts the movement of the polymer chains [14] .
Thermal Properties
Thermal properties of pristine PLA/EPO blend and its nanocomposites were investigated by thermogravimetry analysis (TGA). The integral (TG) and derivative (DTG) thermogravimetric curves provide information about the nature and extent of degradation of the polymeric materials. The TGA and DTG thermograms of PLA/EPO blend and nanocomposites are given in Figure 1 . A detailed evaluation of the thermograms is presented in Table 2 . The decomposition onset temperature (T onset ) and maximum decomposition temperature (T max ) as well as the decomposition temperature at 50% weight loss (T 50 ) of PLA/EPO/xGnP nanocomposite shift to higher temperatures when xGnP is added. For example, a shift from 313.5 o C to 356.3 o C and from 371.7 o C to 392.9 o C is observed for the decomposition onset temperature and the maximum decomposition temperature of the sample PLA/EPO/1.0 wt% xGnP, respectively. The increase of the thermal stability is mainly due to the present of xGnP as reinforcing filler.
Morphology
Micrographs of (a)PLA and (b)PLA/EPO/0.3 wt% xGnP were shown in the Figure 2 . PLA shows a very clean and smooth frature surface due to its brittle behavior at room temperature. PLA/EPO/0.3 wt% xGnP reveals plastic deformation and few long threads of a deformed material are discernible on the fracture surface of the sample. This shows that the PLA/EPO/xGnP gained the ability to plastic deformation leading to about 60.6% increment in elongation at break in the case of 0.3 wt% xGnP content compared to PLA/EPO blend. SEM image of PLA/EPO/0.3 wt% xGnP displays good uniformity and more homogenous morphology. Good uniformity of composites indicates good degree of dispersion of the xGnp and therefore results in good tensile and thermal properties. 
Conclusions
xGnP was effective in achieving an improved tensile and thermal properties for PLA/EPO blend. PLA/EPO/xGnP showed improvement in the tensile strength and elongation at break by 61% and 26.5% respectively, compared with PLA/EPO. Addition of xGnP triggers a substantial increase in thermal stability of the nanocomposites. The TEM image of PLA/EPO/xGnP shows that the xGnP was uniformly dispersed in the PLA matrix and no obvious aggregation is observed.
